We undertook a retrospective analysis of a cohort of 67 patients with multiple myeloma who had received an autologous haematopoietic SCT (HSCT) following highdose melphalan to explore the impact of mucositis on the systemic inflammatory response. A homogenous group of 16 patients without a documented infection and a group of 30 patients with bacteraemia were identified for whom complete data on neutropenia, an inflammatory response, infectious complications and mucositis were available. All patients showed a similar course of events with an inflammatory response coinciding with the occurrence of significant mucositis, regardless of the presence or absence of infection. The only differences between the two groups were significantly higher maximum C-reactive protein (CRP) levels and lower citrulline levels for patients with bacteraemia, suggesting a causative role for mucositis in the occurrence of bacteraemia. Statistical analysis showed a significant association over time between citrulline levels, to a lesser extent bacteraemia, but not neutropenia, and the inflammatory response measured by CRP. These data suggest that the inflammatory response after conditioning for a HSCT is the result of the chemotherapy-induced mucositis and independent of neutropenia. Though primary inflammation appeared due to mucositis, infections resulting from mucosal barrier injury and neutropenia aggravated the inflammatory response.
Introduction
Four decades have passed since Bodey et al. 1 reported that neutropenia accompanied by subsequent infectious complications was the main determinant of fever during neutropenia ('febrile neutropenia'). However, they also showed that this relationship did not hold for febrile patients who were not infected, suggesting that neutropenia was not the sole determinant of fever. 1 Nonetheless, febrile neutropenia has been regarded as one of the most important complications of cancer therapy and therefore prevention and treatment with anti-microbial drugs and G-CSFs have been studied extensively. [2] [3] [4] [5] However, many of these studies also reported that a substantial number of patients remained febrile without an infection ever being documented. 2 Hence, such episodes of fever were designated 'unexplained fever'. 6 Fever is a consequence of the release of cytokines. Many different inducers of these cytokines exist in haematopoietic SCT (HSCT) recipients, and by no means are all of these related to infections. Chemotherapy and radiotherapy used in conditioning therapy damage the oral and gastrointestinal mucosa initiating an inflammatory cascade, culminating in mucosal barrier injury (MBI), which manifests itself clinically as mucositis. The pathogenesis of MBI is thought to consist of five phases: (1) the activation of nuclear factor-kB, (2) release of pro-inflammatory cytokines, (3) epithelial cell apoptosis and increased mucosal permeability, (4) translocation of microbes or microbial wall components and (5) repair and healing. [7] [8] [9] Disruption of the mucosal barrier is also an important risk factor for the occurrence of bacteraemia [10] [11] [12] and candidaemia. 13 However, the impact of microbes on the inflammatory response may not be necessary as MBI alone appears able to elicit a systemic inflammatory response evidenced by elevated C-reactive protein (CRP) levels and fever. This is supported by clinical data showing that patients receiving chemotherapy experience more fever with or without infections in the presence of severe mucositis. 14 This suggests that mucositis is a significant independent risk factor for the occurrence of fever and infections of HSCT recipients.
In order to determine the impact of mucositis on the systemic inflammatory response and the occurrence of 'febrile neutropenia', a retrospective analysis was conducted in a cohort of recipients of an autologous HSCT following high-dose melphalan therapy (HDM) who had no identifiable infectious complications. We compared the course of inflammatory events in this group with those having a bacteraemia during their HSCT.
Materials and methods

Study population
We performed a retrospective analysis of 67 consecutive patients with multiple myeloma who had been given an autologous HSCT following HDM in our hospital from May 2004 to December 2006. Data on mucositis, inflammation and infections had been prospectively gathered from the day of starting chemotherapy (day 1) until discharge.
All patients were treated according to the same protocol and managed with a central venous catheter (CVC). The preparative regimen consisted of HDM (200 mg/m 2 ) administered over two days on days 1 and 2. On day 4, all patients were given an autologous HSCT containing at least 2.0 Â 10 6 CD34 þ cells per kg. Patients did not receive haematopoietic growth factors and anti-microbial prophylaxis consisted of 500 mg ciprofloxacin given twice daily and 500 mg valaciclovir given three times daily. Fluconazole was given at 200 mg a day only to those who were colonized with Candida albicans. Blood (10 ml) was drawn for aerobic culture each Monday and Thursday from each lumen of the CVC. A blood culture was considered positive if one or more bottles yielded a microorganism, except for coagulase-negative staphylococci, for which two separate positive blood cultures yielding the same strain were required to be considered to represent bacteraemia. 15 Plasma was obtained on the same days to detect Aspergillus galactomannan-antigen (Platelia Aspergillus EIA test; BioRad Laboratories, Veenendaal, The Netherlands). Axillary temperature was recorded four times a day and fever was defined by a single axillary temperature X38.5 1C. At the onset of fever 40 ml of peripheral blood was obtained for culture together with 10 ml from each lumen of the catheter, the patients were examined for any signs of local infection, empirical therapy was started with 2000 mg ceftazidime given three times daily i.v. and a chest X-ray was ordered. Blood cultures were obtained again on the 4th day of empirical therapy and a thorough clinical examination was carried out. A high-resolution computerized tomography scan of the lungs was undertaken for patients who were still febrile without there being an obvious cause to detect any signs of invasive fungal disease. Where possible, bronchoscopy was carried out if indicated to obtain a bronchoalveolar lavage, which was then subjected to a comprehensive microbiological examination including detection of Aspergillus Ag.
Neutrophil count
The ANC was determined daily and neutropenia was defined as an ANCp0.5 Â 10 9 per l, with profound neutropenia being defined as an ANCp0.1 Â 10 9 per l. The duration and depth of neutropenia was recorded for each patient.
Inflammatory response CRP levels (mg/l) were determined every day and the maximum CRP (CRP max) and day of CRP max were recorded.
Mucosal barrier injury assessment
Oral mucositis was graded daily according to the validated Nijmegen Nursing Mucositis Scoring System (NNMSS). 16 Also the maximum value and day of maximum value were recorded. Plasma citrulline was determined to estimate gut mucositis before the start of HDM and three times weekly thereafter until discharge. 17 The day of nadir and the lowest citrulline levels were recorded for each patient.
Study group selection
Two patient groups were selected. The first group consisted of patients for whom no microbiologically defined or a clinically defined infection had been identified according to the Consensus definitions of Immunocompromised Host Society. 6 The second group consisted of patients with bacteraemia according to the same consensus definitions.
Data analysis
We employed descriptive statistics for fever, neutrophil count, CRP level, NNMSS and citrulline levels which were expressed as mean values together with the 95% confidence interval, with the use of SPSS v 14.0. Comparison of the variables was carried out using the independent t-test, Mann-Whitney U-test, w 2 -test or Fisher's exact test when appropriate.
Citrulline was measured three times weekly; therefore the real citrulline nadir might be attained between two measurements and hence remained unobserved. To study the mean of the possibly unobserved citrulline nadirs and the day of occurrence we studied the course of citrulline as a function of time during the first 18 days by developing a cubic linear mixed model with first, second and third power of time as predictors.
To describe the relationship of neutrophil count, mucositis (NNMSS and citrulline) and bacteraemia on CRP we used several linear mixed models for the first 18 days and implemented the logarithmic transformed outcome variable log10 CRP. The covariance structure could adequately be modelled with the heterogeneous compound symmetry.
Because the citrulline levels were measured three times weekly, this variable had missing values. The mechanism of these missing data was considered to be completely at random. Therefore, we used the SAS procedure PROC MIXED, which handles missing data without introducing bias.
A P-value of o0.05 was considered to indicate statistical significance.
Results
Study population
In the total cohort of 67 subjects 19 patients had no documented infection (Table 1) . However, data on citrulline levels were lacking for 3 patients, leaving 16 patients eligible for analysis. A total of 40 patients had a microbiologically defined infection, 37 with bacteraemia due to Gram-positive bacteria (Table 1) . Data on citrulline levels were missing in 7 cases resulting in a final cohort of 30 patients with bacteraemia.
There were no statistically significant differences in age, body mass index, gender distribution or dose per kg of melphalan (Table 2) .
Neutrophil count
All patients experienced neutropenia for a mean duration of 9 days, which was profound in all cases for a mean duration of 6 days (Figure 1a) . No significant differences existed between patients without infections and those with bacteraemia (Table 2) . Neutropenia with ANCp0.5 Â 10 9 per l occurred a mean of 9 days after starting chemotherapy (5 days post-HSCT).
Inflammatory response, fever and bacteraemia The course of mean daily CRP levels during HSCT is illustrated in Figure 1b . CRP levels were elevated for all patients in both study groups starting on average on day 10 (6 days post-HSCT), and reaching a maximum on day 14 (10 days post-HSCT). The course was similar but there was a significant difference in the mean CRP max (193 vs 94 mg/l (P ¼ 0.003); Table 2 ).
All patients with bacteraemia became febrile as did 69% of patients without infections (P ¼ 0.003), though the mean onset of fever was 12 days (8 days post-HSCT) in both cases. Although not febrile according to our definition five patients without fever had an elevated body temperature from baseline up to 38.0 1C.
Bacteraemia occurred a mean of 12 days in the cohort of infected patients, mostly 2 days after the start of the inflammatory response.
Mucosal barrier injury
Patients in both groups suffered from oral mucositis with a mean maximum score of 8.3 and 8.4, both on day 12 (8 days post-HSCT; Figure 1c) .
In both study groups mean baseline citrulline levels were 25.5 and 23.8 mmol/l for those without infections and those with bacteraemia, respectively, and there was a marked decrease with nadir occurring on day 14 (10 days post-HSCT; Figure 1d ; Table 2 ). Importantly, in both study groups on day 10 most patients had already passed the citrulline threshold of 10 mmol/l indicating severe mucosal atrophy. 18 Furthermore, there was a statistically significant difference in the nadir of citrulline between the two groups (6.9 vs 5.4 mmol/l), with a P value of o0.0001. Relationship variables and CRP In longitudinal univariate analysis, citrulline and NNMSS score were significantly associated with log10 CRP (both Po0.0001), as opposed to neutrophil count (P ¼ 0.11).
However, in the model with both citrulline and NNMSS as predictors for log10 CRP, only citrulline contributed significantly (Po0.0001 vs P ¼ 0.69). Models with neutrophil count combined with citrulline, NNMSS, or both, came up with non-significant estimates of the regression coefficients for neutrophil count. We concluded that the best model to predict the CRP values in a patient from day 1 until 18 only uses citrulline levels. Although bacteraemia is significantly associated with increased CRP levels (P ¼ 0.003), in a model with citrulline and bacteraemia as independent variables and outcome log CRP the contribution of bacteraemia becomes insignificant (P ¼ 0.939). This implies that given the value of citrulline, the presence or absence of bacteraemia does not influence the value of CRP, but given the status of bacteraemia, citrulline values are still significantly negatively correlated with CRP.
Discussion
In our study, patients receiving an autologous HSCT, who were free of clinically or microbiologically defined infections, 6 still elaborated a significant inflammatory response 18  17  16  15  14  13  12  11  10  9  8  7  6  5  4  3  2  1  Day   18  17  16  15  14  13  12  11  10  9  8  7  6  5  4  3 as evidenced by marked elevations of CRP and an incidence of fever of 69%. All patients suffered from significant mucositis of the oral cavity and gut that coincided with the occurrence of the inflammatory response ( Figure 1 ). Five patients without fever never required empirical anti-microbial therapy and their clinical course was uneventful despite the presence of profound neutropenia. These data therefore suggest that the inflammatory response of these patients developed after conditioning for a HSCT in response to chemotherapy-induced mucositis. This was supported by statistical analysis showing a significant correlation between mucositis measured through citrulline, but not neutropenia, and inflammation determined by CRP.
In the patients with bacteraemia due to Gram-positive bacteria, the course of events were very similar to that of the patients without infections suggesting they also primarily suffered from inflammation related to mucositis, but that a superimposed infection aggravated the response with higher maximal CRP levels and an increased incidence of fever ( Figure 1 ). An important observation was that the inflammatory response already preceded the bacteraemia by 2 days. This has been previously observed in the setting of allogeneic HSCT. 19 It is consistent with a study on rats exposed to chemotherapy in which the release of pro-inflammatory cytokines was associated with evolving mucositis and preceded microbial translocation. 20 In addition, statistical analysis revealed a stronger association over time between citrulline levels and CRP than between bacteraemia and CRP, underlining a predominant role for mucositis in the occurrence of inflammation.
Interestingly, for patients developing bacteraemia the citrulline levels were significantly lower than were that of those without infection, suggesting that the degree of mucositis was a risk factor for bacteraemia. This is in line with earlier studies which have shown bacterial translocation from the mucosal surfaces to be related to the degree of mucositis. 12 No difference was seen in oral mucositis score but that is probably explained by the more subjective nature of these measurements. Future studies are required to determine more precisely the relationship between mucositis measured by citrulline and the occurrence of bacteraemia. However, other factors such as differences in gastrointestinal bacterial colonization, innate immunity and neutropenia may also be involved in the occurrence of bacteraemia, 21 although in our study no difference in neutropenia was found between the two patient groups.
Currently the neutrophil count is used to predict the risk period for patients receiving a HSCT. Our data suggest that monitoring citrulline levels provides additional information to predict more precisely the onset of the inflammatory response and when bacteraemia is likely to occur. Although most patients had reached a citrulline level of 10 mmol/l before developing fever and/or bacteraemia, a definite cutoff value could not be established, an issue that should be addressed in future studies.
In most patients baseline citrulline levels were below the normal value. 18 Probably the prior use of chemotherapy and other factors such as malnutrition already resulted in some mucosal atrophy. If patients with a low baseline citrulline level are more at risk for severe mucositis is an important question, which remains to be answered.
Data from other studies indicate that mucositis is an important cause of fever and infections in HSCT, supporting our findings. Fact remains that despite use of empirical antibiotics there remains a large group of patients with fever without documented infection. 2 Efforts to reduce the occurrence of fever with pre-emptive antibiotics and G-CSF have yielded largely unsatisfactory results. 22, 23 One study even showed that the highest predictor for infection was grades II-IV mucositis, concluding that only reducing of neutropenia with G-CSF is insufficient to prevent fever and infections. 23 In addition, other studies have shown that ameliorating mucositis, with the use of recombinant keratinocyte growth factor (Palifermin) or using reduced intensity conditioning regimen, also resulted in a decreased incidence of fever, despite unchanged neutropenia. 24, 25 Our study is limited by being retrospective, although the data had been collected prospectively. Nevertheless, the data show a clear pattern of an inflammatory response, irrespective of the presence or absence of infection, and that this coincides with the occurrence of mucositis. Hence, at least for some HSCT recipients, the inflammatory response and fever are the direct consequence of mucositis alone, and neutropenia plays a minor role or none at all. The magnitude of the inflammatory response can however be aggravated by inter-current infections arising from the loss of the mucosal barrier and simultaneous neutropenia. Consequently, the term 'febrile neutropenia' might be better replaced by the term 'febrile mucositis'. Future research should therefore focus on strategies directed at the prevention and treatment of mucositis.
